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SUMMARY 

He l i cop te r  cabin i n t e r i o r s  requi re  no ise t reatment which i s  expensive and 
adds weight. The gears i n s i d e  the main power t ransmission are major sources 
o f  cabin noise.  
Center i n  measuring cabin i n t e r i o r  noise and i n  r e l a t i n g  t h e  noise spectrum t o  
t h e  gear v i b r a t i o n  o f  t h e  Army's OH-58 h e l i c o p t e r .  F l i g h t  t e s t  data i n d i c a t e  
t h a t  t h e  p lanetary  gear t r a l n  I s  a major source o f  cabin no ise and t h a t  o ther  
low frequency sources a re  present tha t  could dominate the  cabin noise.  
i o n  v i b r a t i o n  measurements were made i n  a t ransmission t e s t  stand, revea l i ng  
t h a t  t h e  s i n g l e  l a r g e s t  c o n t r i b u t o r  t o  t h e  t ransmission v i b r a t i o n  was t h e  
s p i r a l  bevel gear mesh. Our c u r r e n t  understanding o f  t h e  nature and causes of 
gear and transmission noise i s  discussed. 
ma t i ca l  e r r o r s  o f  the gear mesh have a s t rong  i n f l u e n c e  on t h e  noise.  This 
paper summarizes completed NASA/Army sponsored research t h a t  appl ies t o  t rans-  
miss ion noise reduct ion.  The cont inulng research program i s  a l s o  reviewed. 

This paper describes gork conducted by the  NASA Lewis Research 

Compan- 

The authors b e l i e v e  t h a t  t h e  k ine-  

INTRODUCTION 

He l i cop te r  i n t e r i o r  no ise and v i b r a t i o n  are o f  concern because o f  passenger 
The m i l i t a r y  i s  most con- comfort  and the  e f f e c t  on p i l o t  and crew e f f i c i e n c y .  

cerned w i t h  p i l o t  workload and e f f i c i e n c y ,  w h i l e  the  commercial arena i s  
i n t e r e s t e d  t o  a t t r a c t  passengers who are expect ing j e t  smooth and q u i e t  t rans-  
p o r t a t i o n  w i t h  t h e  convenlence o f  a v e r t i c a l  t a k e o f f  f rom congested areas. I n  
c u r r e n t  h e l i c o p t e r s  the  excessive i n t e r i o r  no ise causes annoyance, d i s r u p t s  
crew performance and requi res ear p ro tec t i on  equipment t o  be worn ( f i g .  1 ) .  
Most exper ts  agree t h a t  t he  major source o f  t h e  annoying noise i n  t h e  cabin 
o r i g i n a t e s  f rom the gear ing i n  the  main t ransmission which i s  commonly mounted 
t o  t h e  cabin c e i l i n g .  
s t r u c t u r e  o r  through the  a i r  d i r e c t l y  t o  e x c i t e  the  cabin wa l l s .  

The sound and v i b r a t i o n  energy i s  propagated through the 

I n  the  past,  a major goal o f  transmission design was t o  reduce t h e  weight, 
and as weight decreased, t h e  noise has increased ( r e f .  1 ) .  This may be due t o  
the  increased f l e x i b i l i t y  o f  t h e  transmission housing t h a t  accompanies a weight 
reduct ion.  Also, the noise increases w i t h  the  power and s i z e  o f  the 
h e l i c o p t e r .  



The ob jec t i ve  o f  t h i s  paper 1s  t o  i d e n t i f y  t he  app l i cab le  t o o l s  and tech- 
niques t h a t  have been developed du r ing  the  years o f  NASA/Army cooperat ion and 
t o  present them I n  one place. 
sions based on the  re levan t  work of t he  pas t  i n  summary form. 
t i v e  i s  t o  describe the NASA/Army t ransmiss ion no ise  program so t h a t  i ndus t r y ,  
government, and un ive rs t i es  can work together  t o  achieve q u i e t e r  h e l i c o p t e r  
t ransmissions. 

A second o b j e c t i v e  i s  t o  present some conclu- 
The t h i r d  objec- 

This paper w i l l  present and discuss no ise  and v i b r a t i o n  measurements taken 
on the  U.S. Army OH-58 h e l i c o p t e r  t ransmission. 
NASA Lewis Transmission Laboratory, and i n  f l i g h t  a t  t he  Ohio Nat iona l  Guard 
F a c i l i t y  a t  Akron-Canton A i r p o r t .  Our cu r ren t  understanding o f  the  na ture  and 
causes o f  gear and t ransmiss ion no ise  i s  discussed, fo l lowed by a summary o f  
the  past  work sponsored by the  Army Propuls ion D i r e c t o r a t e  and NASA Lewis t h a t  
i s  app l i cab le  t o  the no ise  and v i b r a t i o n  problem. 
a t t e n t i o n  on he l i cop ter  noise; cu r ren t  a c t i v i t y  and plans f o r  f u t u r e  work on 
he l i cop te r  no ise  are presented. 

Measurements were taken i n  the  

Now the re  i s  a focussed 

OH-58 HELICOPTER & TRANSMISION 

The OH-58C Hel icopter  i s  t he  Army's L i g h t  Scout/Attack he l i cop te r ,  which 
has a s i n g l e  two-bladed r o t o r  and i s  powered by a 236 kW (317 ra ted  output  shp) 
gas t u r b i n e  engine. The gross veh ic le  weight i s  14.2 kN (3200 l b ) .  The main 
t ransmiss ion has a reduc t ion  r a t i o  o f  17.44:1, d ry  weight o f  0.467 kN (105 l b ) ,  
and i s  engine output ra ted  f o r  201 kW (270 hp) continuous duty .  The Army began 
rece iv ing  the  OH-58's f rom B e l l  He l i cop ter  Company i n  1969. 
d e r i v a t i v e  o f  the B e l l  Model 206. The most recent  Army upgrade o f  t h i s  h e l i -  
copter i s  t he  OH-58 D model, ra ted  a t  339 kW (455 hp) a t  the main r o t o r .  The 
commercial f am i l y  o f  206 versions has several  models. 

The OH-58 i s  a 

The Noise Problem 

H i s t o r i c a l l y ,  he l i cop te rs  have been plagued by i n t e r n a l  no ise  problems. 
Noise l e v e l s  range f r o m  100-120 dBa i n  the  cabin. The sound can be from many 
sources, such as the t ransmiss ion gear noise,  t he  t u r b i n e  engine compressor and 
exhaust noise,  t h e  r o t o r  blades, and a i r  turbulence.  The t ransmiss ion I s  a 
p a r t i c u l a r l y  troublesome source and i s  be l ieved t o  be the  main source o f  annoy- 
i n g  no ise  i n  t h e  he l i cop te r  cabin.  The no ise  f rom the  t ransmiss ion enters  the  
cabin f o l l o w i n g  two paths, s t r u c t u r e  borne r a d i a t i o n  and d i r e c t  r a d i a t i o n  
( f i g .  2) .  The magnitude o f  t he  d i r e c t  r a d i a t i o n  i s  a f u n c t i o n  o f  t he  acous t ic  
power rad ia ted  from the  t ransmiss ion case, t ransmi t ted  a c o u s t i c a l l y  t o  the  
cabin ou ter  wal ls ,  and t rans fe r red  through t o  t h e  cabin.  
a re  any small openings i n  the  w a l l  between the t ransmiss ion compartment and the  
cabin the  sound w i l l  d i r e c t l y  en ter  t he  cabin. 
p a r t i c u l a r l y  hard t o  b lock because the  t ransmiss ion case and i t s  mounts a re  an 
i n t e g r a l  p a r t  of the l i f t - l o a d  bear ing path.  The t ransmiss ion mounts must be 
s t rong and r i g i d :  s t rong enough t o  support the  e n t i r e  h e l i c o p t e r  by t r a n s f e r -  
r i n g  the  l i f t - l o a d  f r o m  the  r o t o r  blades t o  the  a i r  frame; and r i g i d  enough f o r  
s tab le  c o n t r o l  o f  the  he l i cop te r .  The s t i f f  mounts pass the  gear v i b r a t i o n s  
exceedingly w e l l  t o  t he  air f rame, and the  sound t ransmi ts  t o  the  cabin 
d i  r e c t  1 y . 

O f  course i f  the re  

The s t r u c t u r e  borne pa th  i s  
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OH-58 Investigations 

The measurement experience reported here was limited to the OH-58 helicop- 
ter (fig. 3). Vibration measurements of the transmission were previously 
reported for the OH-58 helicopter (refs. 2 and 3) and for two larger sized 
helicopters (refs. 4 and 5). The in-flight measurements of cabin noise were 
performed in a National Guard helicopter at the Akron-Canton Airport. 
ments of the in-flight vibration and noise are presented here for the first 
time. 

Measure- 

OH-58 Transmission. 

The test transmission is described in reference 2 and is shown in figure 4. 
It is rated for use where the engine output is 201 kw (270 hp) continuous duty 
and 236 kw (317 hp) at takeoff for 5 mln. The input shaft, turning at 
6180 rpm, drives a 19 tooth spiral bevel pinion meshing with a 7l.tooth bevel 
gear. The input shaft is mounted on triplex ball bearings and one roller bear- 
ing. The 71 tooth bevel gear shaft i s  mounted on duplex ball bearings and one 
roller bearing. The bevel gear shaft drives a floating sun-gear which has 27 
teeth. The power is taken out through the planet carrier. There are three 
planet gears of 35 teeth which are mounted on spherical roller bearings. The 
ring gear (99 teeth) is splined to the top case and therefore is stationary. 
The overall gear reduction ratio is 17.44:l. 

NASA LEWIS TEST STAND 

Figure 5 shows the NASA 500 hp helicopter transmission test stand, which 
was used to run the self-excited vibration tests (ref. 3). The test stand 
operates on the "four-square" or torque regenerative principle, where mechani- 
cal power is recirculated around the closed loop of gears and shafting, passing 
through the test transmission. A 149 kW (200 hp) variable speed dc motor is 
used to power the test stand and control the speed. Since the torque and power 
are recirculated around the loop, only the losses due to friction have to be 
replenished. 

An 1 1  kW (15 hp) variable speed dc motor driving against a magnetic parti- 
cle clutch is used to set the torque In the test stand. The output of the 
clutch does not turn continuously, but only exerts a torque through the speed 
reducer gearbox and chain drive to the large sprocket on the differential gear 
unit. The large sprocket is the first input to the differential. The second 
input i s  from the upper shaft which passes concentrically through the hollow 
upper gear shaft i n  the closing-end gearbox. 
ential gear unit is the previously mentioned hollow upper gear shaft of the 
closing-end gearbox. 
trical field strength at the magnetic particle clutch. The input and output 
shafts to the test transmission are equipped with speed sensors, torque meters, 
and slip rings. 

The output shaft from the differ- 

The torque in the loop is adjusted by changing the elec- 
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NOISE AND V I B R A T I O N  MEASUREMENTS 

The transmission was instrumented w i t h  accelerometers w i t h  a f l a t  frequency 
response up t o  10 kHZ, i n s t a l l e d  i n  the  t e s t  stand and operated a t  6060 rpm and 
load o f  224 kW (300 hp). A f t e r  reaching an e q u i l i b r i u m  opera t ing  temperature 
o f  approximately 93 O C  (200 O F ) ,  t he  accelerometer s igna ls  were recorded on a 
14 channel FM tape recorder and l a t e r  processed w i t h  a d i g i t a l  s igna l  processor 
t o  ge t  t he  v i b r a t i o n  spectra. 

Test C e l l  Measurements 

V ib ra t i on  spectra have been ex tens ive ly  measured f o r  t he  OH-58 t ransmiss ion 
i n  t e s t  r i g s  a t  the Corpus C h r i s t i  Army Depot and a t  NASA Lewis ( r e f s .  2 and 
3 ) .  
determined t h a t  t ransmission speed had a s i g n i f i c a n t  e f f e c t  w h i l e  torque had a 
small e f f e c t  on v i b r a t i o n  amplitude. The h ighes t  magnitude o f  v i b r a t i o n  con- 
s i s t e n t l y  occurred a t  the  s p i r a l  bevel  gear mesh frequency f o r  a v a r i e t y  o f  
accelerometer locat ions.  A t y p i c a l  spectrum i s  shown i n  f i g u r e  6, where the  
accelerometer was located i n  the  plane o f  t he  p lanetary  gear stage, j u s t  above 
the  s p l i t - l i n e  between the  top  and bottom halves o f  t h e  t ransmiss ion housing. 

Measurements were made f o r  a ma t r i x  o f  t e s t  cond i t i ons  and thus i t  was 

I n - f l i g h t  Measurements 

I n - f l i g h t  measurements were made i n  an Ohio Nat iona l  Guard OH-58 h e l i c o p t e r  
a t  the  Akron-Canton A i rpo r t .  Data records were recorded on FM magnetic tape 
and l a t e r  analyzed us ing  a spectrum analyzer.  Microphone and accelerometer 
t ransducers were used. One o f  t he  accelerometers was placed near t h e  s p l i t  
l i n e  o f  the  t ransmission upper and lower housing i n  the  approximate l o c a t i o n  
t h a t  was used t o  ob ta in  the  r e s u l t  shown i n  f i g u r e  6. The o b j e c t i v e  o f  p l a c i n g  
the  accelerometer was t o  have a comparison w i t h  data c o l l e c t e d  i n  t h e  t e s t  
c e l l .  A second accelerometer was placed on the  t ransmiss ion support  base a t  
the  cabin r o o f .  The purpose o f  t h i s  was t o  cha rac te r i ze  the  s t r u c t u r e  borne 
v i b r a t i o n  by measuring the  v i b r a t i o n s  on the  a i r f rame a t  a p o i n t  i n  the  path 
o f  propagat ion.  F igure 7 shows the  r e s u l t s  f rom spectrum ana lys i s  o f  t he  
accelerometer measurements. Microphones were placed head-high i n  t h e  v i c i n i t y  
o f  the  c o p i l o t  s ta t i on  and the  a f t  cabin. The o b j e c t i v e  was t o  measure the  
no ise  perceived by passengers and, w i t h  the  accelerometer s igna ls  i n  hand, 
thereby determine the seve r i t y  o f  the no ise  components due t o  t h e  t ransmiss ion.  
F igure  8 shows t h e  r e s u l t s  f rom spectrum ana lys is  o f  t h e  no ise  measurements. 

DISCUSSION OF RESULTS 

I n  general ,  the v i b r a t i o n  spect ra conta in  many d i s c r e t e  f requencies where 
there  i s  s i g n i f i c a n t  concentrated v i b r a t i o n a l  energy. The frequencies a re  
i d e n t i f i e d  w i t h  the gear mesh frequencies and the  h igher  harmonics a t  i n t e g e r  
m u l t i p l e s  o f  the  mesh frequencies.  From the  measurements i n  the  t e s t  c e l l  i t  
was found t h a t  t h e  s i n g l e  l a r g e s t  c o n t r i b u t o r  t o  the  t ransmiss ion housing 
v i b r a t i o n  was the s p i r a l  bevel gear mesh ( f i g .  6) .  The f l i g h t  data were con- 
s i s t e n t  w i t h  these f i nd ings  ( f i g .  7 (a) ) ,  except f o r  some a d d i t i o n a l  v i b r a t i o n a l  
con t r i bu t i ons ,  wh ich  have n o t  y e t  been i d e n t i f i e d .  
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Analys is  o f  t he  f l i g h t  and t e s t  r i g  data i nd i ca tes  t h a t  t he  h ighes t  ampl i -  
tude o f  t ransmiss ion v i b r a t i o n  occurs a t  t h e  bevel  gear c lash  frequency. How- 
ever, f o r  t ransducer l oca t i ons  o ther  than d i r e c t l y  on the  transmission, t he  
f l i g h t  data presented some d i f f e r e n t  conclusions regard ing the  e f f e c t  o f  t rans -  
miss ion  v i b r a t i o n  on the  cabin no ise.  F l i g h t  data ( f i g .  7 (b) )  f rom accelero- 
meters on the  t ransmiss ion mount a t  the cabin attachment p o i n t  show t h a t  t h e  
v i b r a t i o n  a t  t he  bevel  and p lanetary  gear mesh frequencies a re  equal t o  one 
another and t o  t he  peak ampl i tude o f  the bevel  gear v i b r a t i o n  measured on the  
t ransmiss ion case ( f i g .  7 (a) ) .  It now becomes apparent t h a t  t he  t r a n s f e r  func- 
t i o n  f rom the  housing t o  the  mounting p o i n t  has increased t h e  r e l a t i v e  s i g n i f i -  
cance t h e  p lanetary  gear v i b r a t i o n .  T h i s  could be due t o  s t r u c t u r a l  resonance 
o r  t o  v i b r a t i o n  from the  p lanetary  gear and bevel gear being t rans fe r red  a long 
d i f f e r e n t  paths r e s u l t i n g  i n  an apparent increase o f  the  p lanetary  gear v ib ra -  
t i o n  a t  the  t ransmission/cabin in te r face .  Based on t h i s  observat ion,  one might  
expect t he  p lanetary  and bevel gears t o  c o n t r i b u t e  equa l l y  t o  the  cabin no ise.  

The no ise  generated i n  the  cabin by the  t ransmiss ion v i b r a t i o n  i s  a func- 
t i o n  o f  t he  t r a n s f e r  f unc t i on  between the t ransmiss ion and the  cabin i n t e r i o r  
and the acoust ic  e f f i c i e n c y  o f  the process. Since the  process i s  unknown a t  
t h i s  t ime, i t  i s  necessary t o  r e l y  on the data provided by the  cabin micro- 
phones ( f i g .  8 ) .  The noise spectra f r o m  the  microphone measurements show a 
t rend  o f  decreasing ampl i tude as the  frequency increases. This i s  because the  
h igher  frequency no ise  waves a re  more e a s i l y  absorbed and d i ss ipa ted  i n  t h e  
acous t ic  t ransmiss ion process. The spectra a t  t he  two loca t i ons  ( f i g s .  8(a)  
and ( b ) )  d i f f e r  on ly  s l i g h t l y ,  poss ib ly  due t o  s tanding wave pa t te rns  i n  the  
cab1 n. 

The t ransmiss ion r e l a t e d  noise i n  the cabin I s  dominated by the  p lanetary  
This i nd i ca tes  tha t  reducing the v i b r a t i o n  generated by gear mesh frequency. 

t he  p lanetary  gears could s i g n i f i c a n t l y  decrease the  cabin no ise  l e v e l .  
t i o n  should a l so  be d i r e c t e d  t o  i d e n t i f i c a t i o n  and reduc t ion  o f  t he  noise 
source t h a t  e x i s t s  a t  f requencies below 400 Hz. 
most troublesome noise i n  the  cabin I s  the lowest frequency gear no ise as w e l l  
as o ther  l o w  frequency noise the  source o f  which i s  unknown a t  t h i s  time. I n  
the  cabin,  the bevel gear no ise  i s  s i g n i f i c a n t l y  below the  p lanetary  gear 
noise.  
bevel gear had occurred a t  the lower frequency o f  the  p lanetary  gear mesh 
frequency there would be even h igher  l eve l  o f  t ransmiss ion noise i n  the  cabin.  

At ten-  

Therefore i t  apppears t h a t  the 

I t  may be concluded t h a t  i f  the l a r g e  ampl i tude o f  v i b r a t i o n  f o r  t he  

NATURE AND CAUSES OF TRANSMISSION NOISE 

Noise generated by gears i s  due t o  many mechanisms such as mechanical 
impact o f  gear teeth,  e j e c t i o n  o f  a i r  and o i l  f rom between the  gear tee th ,  the  
t ime vary ing  s t i f f n e s s  o f  the gear mesh, movement o f  the  load on the  gear 
tooth,  and e r ro rs  i n  gear t o o t h  geometry ( r e f s .  6 t o  10) .  Many o f  these mecha- 
nisms a r e  inherent  t o  t ransmissions and t h e i r  e l i m i n a t i o n  as a no ise source i s  
Impossible.  I t  i s  be l ieved t h a t  kinematic e r r o r  i s  the most s i g n i f i c a n t  source 
o f  no ise  and v i b r a t i o n  i n  gearboxes. 
blesome f o r  s p i r a l  bevel gears. The s p i r a l  bevel gears i n  a h e l i c o p t e r  t rans -  
m i t  h igh  power a t  h igh  speed, so e l im ina t i on  o f  k inemat ic e r r o r s  can reduce the 
no ise  and v i b r a t i o n .  

Kinematic e r ro rs  a re  p a r t i c u l a r l y  t r o u -  
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Kinematic Er ro rs  

Kinematic e r r o r s  a re  def ined as the  dev ia t ions  from a constant  r a t e  o f  
t u r n i n g  of t he  dr iven gear w h i l e  the  d r i v i n g  gear tu rns  a t  a constant r a t e  
( f i g .  9 ) .  
they a re  sa id  t o  have conjugate mot ion ( h o r i z o n t a l  dashed l i n e  of f i g .  9 ) .  
Each pa rabo l i c  curve shown i n  the  f i g u r e  represents the  k inematic e r r o r  f o r  one 
gear t o o t h  as I t  moves through mesh. 
where t h e  load i s  t r ans fe r red  t o  the  next  gear too th .  I t  i s  t h i s  vary ing  gear 
r a t i o  t h a t  provides a source o f  v i b r a t i o n  (no ise)  e x c i t a t i o n  t o  the  gear 
system. 

I f  a s e t  o f  gears t ransmi ts  motion w i thou t  k inemat ic  e r r o r s  then 

I n t e r s e c t i o n  o f  the  pa rabo l i c  curves i s  

Conjugate Mot ion 

Conjugate motion r e s u l t s  i f  the  vector  normal t o  the  gear t o o t h  surfaces 
a t  t he  p o i n t  of contact  passes through the  p i t c h  p o i n t  du r ing  the  process o f  
meshing ( f i g .  10).  This requirement i s  s a t i s f i e d  f o r  spur gears 'o f  i n v o l u t e  
t o o t h  p r o f i l e  under very l i g h t  load; when the  load i s  h igh,  the  e l a s t i c  de f l ec -  
t i o n  o f  the  gear tee th  upsets the  c o n d i t i o n  o f  conjugacy. 
o f  t o o t h  shapes f o r  spur and h e l i c a l  gears can be descr ibed by simple mathemat- 
i c a l  expressions. I n  con t ras t  t o  spur gears, there  i s  no equat ion f o r  descr ib-  
i n g  the  surface o f  a s p i r a l  bevel gear too th .  The surface coord inates o f  the 
po in ts  on the  tooth must be ca lcu la ted ,  based on the  generat ing motions o f  t he  
gr ind1 ng machi ne. 

The i n v o l u t e  system 

As c u r r e n t l y  manufactured, s p i r a l  bevel gears do not have conjugate ac t i on .  
S p i r a l  bevel  gears w i t h  conjugate a c t i o n  were examined many years ago. I t  was 
found t h a t  I f  the gears had l i n e  contact  between the  t e e t h  then they were  very 
s e n s i t i v e  t o  shaf t  misalignment. This resu l ted  i n  very poor performance: f o r  
even s l i g h t  misalignment, the  t o o t h  contact  moved t o  the edge o f  t he  too th ,  
causing very high contact  s t ress,  n o i s e  and poor l i f e .  To compensate f o r  t h i s  
s e n s i t i v i t y ,  the gears had t o  be made w i t h  something c a l l e d  9nismatch", which 
i s  a crowning o f  the  t o o t h  p r o f i l e  i n  both the lengthwise and p r o f i l e w i s e  
d i r e c t i o n s .  This reduced the  s e n s i t i v i t y  t o  misalignments b u t  i t  a l so  compro- 
mised noise,  because conjugate a c t i o n  was l o s t .  

The process of g r i nd ing  t e e t h  on a s p i r a l  bevel gear i s  a f u n c t i o n  o f  many 
d i f f e r e n t  se t t ings  on the  gear g r i n d i n g  machine. 
r e s u l t  f rom several d i f f e r e n t  s e t s  o f  machine se t t i ngs .  Usual ly  t he  machine 
s e t t i n g s  are  chosen, the  gear and p i n i o n  are  made, and the  gear and p i n i o n  are  
tes ted  i n  a f i x t u r e  t o  see what k ind  o f  contact  p a t t e r n  e x i s t s  between the  
tee th .  
between the  teeth,  and the  gears a re  ground again. 
repeated several  t i m e s .  

Nominally s i m i l a r  gears may 

Then the machine se t t i ngs  a re  adjusted t o  improve the  contact  p a t t e r n  
The process may have t o  be 

I t  I s  poss ib le  t o  determine the  contact  p a t t e r n  and k inemat ic  e r r o r s ,  based 
on a g iven se t  o f  machine se t t i ngs .  This procedure i s  extremely compl icated 
and must be done us ing a computer ( r e f s .  11 and 12 ) .  The bas is  f o r  t he  mathe- 
ma t i ca l  methods i s  vector  ana lys is  and d i f f e r e n t i a l  geometry. 

The way o f  v i s u a l i z i n g  how the  meshing of s p i r a l  bevel gears w i t h  zero 
k inemat ica l  e r ro rs  takes p lace i s  s i m i l a r  t o  the  spur gear example ( r e f s .  13 
and 14).  Recal l  from the spur gear example ( f i g .  l o ) ,  t h a t  the  sur face normal 
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a t  the  contac t  p o i n t  always passes through a f i x e d  p o i n t  i n  space--the p i t c h  
p o i n t .  
aga ins t  one another a t  a p i t c h  l i n e  ( f i g .  l l ) ,  t he  normal t o  the  t o o t h  surfaces 
a t  t he  contact  p o i n t  should pass through a f i x e d  l i n e  i n  space,--the p i t c h  

. l i n e .  

For the  bevel gears, which can be imagined as two p i t c h  cones r o l l i n g  

I f  we r e q u i r e  t h a t  the  t o o t h  surface normal vector  always passes through 
the  p i t c h  l i n e ,  and if we requ i re  tha t  t he  t o o t h  sur face normal be const ra ined 
t o  move p a r a l l e l  t o  i t s e l f  as the  contact  p o i n t  s h i f t s  across the  tooth,  then 
the  gears w i l l  have zero k inematic er rors .  The problem becomes one o f  how t o  
achieve t h i s  type o f  mot ion by the  i n t e l l i g e n t  s e l e c t i o n  o f  t he  machine set -  
t i n g s  f o r  the  gears t o  be manufactured. This  has been accomplished through the  
kinematic model l ing o f  t he  manufacturing process ( r e f .  15).  which r e s u l t s  i n  a 
se t  o f  non l inear  equations t h a t  must be solved simultaneously us ing numerical 
methods. 

AVAILABLE SUPPORTING TECHNOLOGY 

Hel icop ter  cabin no ise i s  s i g n i f i c a n t l y  a f f e c t e d  by the  t ransmiss ion and 
i n  p a r t i c u l a r  t he  gears i n  the  t ransmission. Gears are a source o f  h igh  v ib ra -  
t i o n  and have been the  subject  o f  study f o r  years i n  research i n v e s t i g a t i o n s  
too  numerous t o  mention here. 
NASA/Army sponsored research t h a t  i s  pe r t i nen t .  
use fu l ,  i t  must be brought t o  the  a t t e n t i o n  o f  gear and t ransmiss ion designers 
and researchers. The work f a l l s  i n t o  the  categor ies o f  Dynamic Load Analysis,  
Tooth P r o f i l e  Mod i f i ca t i on ,  and Measurement Tools. 

There has a l s o  been a s i g n i f i c a n t  amount o f  
F o r  t h a t  work t o  be t r u l y  

Dynamic Load Analysis 

Dynamic load i s  def ined as the  load on the  gear t o o t h  as a f u n c t i o n  o f  t ime 
and p o s i t i o n  as the gear ro ta tes .  Dynamic loads a re  caused by the  i n t e r a c t i o n  
o f  the  mass o f  the gear and d r i ven  elements and the  s t i f f n e s s  o f  the  gear 
too th .  Usual ly  the gear system i s  modelled w i t h  second order d i f f e r e n t i a l  
equations w i t h  t ime vary ing  s t i f f n e s s  parameters. The s t i f f n e s s  changes 
because the  number o f  gear t e e t h  I n  mesh var ies  as the  gears r o t a t e .  The 
average number o f  t ee th  I n  mesh I s  ca l led  the  contac t  r a t i o .  The Hamilton 
Standard d i v i s i o n  o f  Uni ted Technologies, under a NASA con t rac t  has developed 
two computer programs f o r  the  c a l c u l a t i o n  o f  gear dynamic loads ( r e f s .  16 and 
17) .  Computer program GRDYNSNG I s  f o r  a s i n g l e  p a i r  o f  spur gears i n  mesh. 
The model inc ludes t w o  r o t a t i o n a l  degrees o f  freedom, and t ime vary ing  t o o t h  
s t i f f n e s s .  Contact r a t i o s  between one and th ree  a re  poss ib le ,  and v a r i a t i o n s  
o f  the  t o o t h  from i n v o l u t e  f o r m  are  possible.  An op t i on  permi ts  a bu t t ress  
form too th ,  which has a l e s s e r  pressure angle on the  d r i v e  s ide than the  coas t  
s ide.  Computer program GRDYNMLT extends the  c a p a b i l i t y  o f  GRDYNSNG t o  i nc lude  
m u l t i p l e  gear mesh cond i t ions  such as present i n  a p lanetery  gear stage. 

The Cleveland Sta te  U n i v e r s i t y  has developed computer program PGT which 
ca l cu la tes  dynamic loads on p lanetary  gear t r a i n s .  The dynamic model has 9" 
o f  freedom, and i s  ab le  t o  analyze a p lanetary  gear t r a i n  w i t h  th ree  p lane t  
gears. A va r iab le  mesh s t i f f n e s s  I s  used, i n c l u d i n g  the  e f f e c t s  o f  p lane t  
phasing and l o c a t i o n  e r ro rs .  The analysis can be used t o  study s t a t i c  and 
dynamic load shar ing among p lanets ,  tooth e r r o r s  and i n t e n t i o n a l  p r o f i l e  
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modifications (ref. 18). The computer programs PGT and GRDYNMLT have been 
compared with each other and with experimental data from full scale transmis- 
sion experiments (ref. 19). 

The gear tooth stiffness that is modelled in most gear dynamic computer 
programs is static tooth stiffness. 
load moving across the profile of the tooth as the gears rotate; the effect 
becomes very significant at high speeds. 
investigated under a NASA sponsored grant at Michigan Technological University 
(ref. 20). The University of Cincinnati investigated the effect on involute 
and straight tooth forms (ref. 21) and developed a computer program to study 
the effects of parametric variations on gear dynamic load (refs. 22 to 23). 

A more realistic stiffness model has the 

The influence of moving load was 

Computer program TELSGE was developed by Northwestern University, where the 
gear tooth stiffness was determined by finite elements. The model is for a 
simple spur gear mesh with 2' of freedom, and includes the effect of the thin 
film of lubricant between the gear teeth (ref. 24). The problem of dynamic 
loads in spiral bevel gears is extremely complex due to the tooth geometry and 
the additional degrees of freedom necessary for even a simple mesh of two 
gears. In reference 25 the concepts of reference 24 were extended to the case 
of spiral bevel gears using 12' of freedom. The study was for a particular 
pair of gears and the results are not generally applicable to all spiral bevel 
gear pairs. 
gate the noise generating mechanism for bevel gears (NASA contract NAS3-23703). 

There is continuing work at Bolt Beranek and Newmann to investi- 

100th Profile Modification 

Tooth profile modification, especially tip relief is a commonly used method 
to control the amplitude of dynamic load i n  gears. There is no concensus among 
researchers on what is the best or optimum shape of tooth profile modification. 
A study of the problem was conducted by Bolt Beranek and Newmann using a con- 
ventional modification consisting of linear tip relief, in comparison to a new 
profile that was determined on the basis of minimum vibration excitation 
(ref. 26). Significant differences in the dynamic forces transmitted by the 
teeth are predicted for the two cases. In contrast to all the methods reviewed 
so far, the Bolt Beranek and Newmann approach uses the frequency domain, rather 
than integrating equations of motion in the time domain. 

The noise from spiral bevel gears is thought to come primarily from the 
kinematic errors that are inherent in the manufacture of the gear teeth. A 
study to determine a way to manufacture the gears eliminating the kinematic 
errors was conducted by Litvin at the University of Illinois (ref. 27). The 
result of the analysis is to provide new settings for the bevel gear grinder 
so that the gears are manufactured with a conjugate tooth shape. 

Measurement Tools 

The measurement of gear noise is usually performed using accelerometers 

The conditions in a test 

placed on the gearbox housing. As the measurements have shown in this paper, 
the highest contributor to noise can best be found under realistic conditions 
of running the gearbox, while using a microphone. 
cell are not conducive for exacting microphone measurements due to the presence 
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o f  o ther  machinery and accessor ies i n  the  t e s t  c e l l  t h a t  c o n t r i b u t e  t o  the  
n o i s e .  
t e s t  c e l l  may no t  be d e f i n i t i v e .  
c e l l  o f t e n  precludes manual movement o f  microphones du r ing  a t e s t  run.  The 
problem of t e s t  c e l l  measurements was s tud ied  by Flanagan and Ather ton 
( r e f .  28) and t h e i r  s o l u t i o n  was t o  use a robot-held acous t ic  i n t e n s i t y  probe. 
Acoust ic i n t e n s i t y  measurements a re  made w i t h  t w o  c l o s e l y  spaced microphones 
which measure the  sound power passing a s ta t i ona ry  p o i n t .  The t o t a l  sound 
power emanating f r o m  a source ( t h e  gearbox) can be obtained by measuring the  
i n t e n s i t y  around the  source and i n t e g r a t i n g  over the  sur face enc los ing the  
source. Since i n t e n s i t y  i s  a vector  quan t i t y ,  sources ex te rna l  t o  the  gearbox 
w i l l  make a net zero con t r i bu t i on .  The advantage o f  t he  i n t e n s i t y  method i s  
t h a t  a s p e c i a l l y  t rea ted  anechoic chamber i s  no t  needed. The r o b o t i c  acoust ic  
I n t e n s i t y  measurement system (RAIMS) i s  shown i n  f i g u r e  1 2 .  

Inaadd i t ion ,  the  no ise  f i e l d  i s  complex and a s i n g l e  microphone i n  the  
The element o f  personal  sa fe ty  i n  the  t e s t  

Kinematic e r r o r  has been explained prev ious ly .  The t h e o r e t i c a l  aspect o f  
k inemat ic  e r r o r  i s  w e l l  appreciated by gear theo re t i c ians  b u t  t he re  i s  cur-  
r e n t l y  no p r a c t i c a l  machine t o  measure the  k inematic e r r o r  o f  gears w h i l e  the  
gears a re  loaded. A design study f o r  such a machine was conducted by Houser 
( r e f .  2 9 ) .  U n t i l  such a machine i s  b u i l t ,  progress i n  gear no ise  reduc t ion  
w i l l  be l i m i t e d  because o f  our incomplete understanding o f  the  i n f l uence  of 
t ransmiss ion e r ro rs  and gear t o o t h  f l e x a b i l i t y  on noise.  

These t o o l s  need t o  be exp lo i t ed  and f u r t h e r  developed t o  improve t h e i r  
usefulness I n  s p e c i f i c  a p p l i c a t i o n  t o  so l v ing  noise and v i b r a t i o n  problems i n  
h e l i c o p t e r  t ransmissions. 

CURRENT RESEARCH APPROACH 

There are  th ree  general f r o n t s  on which we can a t t a c k  the  h e l i c o p t e r  cabin 
no ise  problem: by us ing acoust ic  treatments i n  the  cabin,  by us ing  i s o l a t i o n  
methods, and by reducing the  source o f  no ise e x c i t a t i o n  ( f i g .  13).  The 
acous t ic  t reatment approach has genera l ly  worked i n  the  past  bu t  a t  the  expense 
o f  added weight as w e l l  as added c o s t .  New methods such as advanced l i g h t -  
weight sound treatments, and optimum usage o f  those treatments should be 
i nves t i ga ted .  The work should emphasize a minimum weight pena l ty  f o r  t he  
necessary no ise  reduct ion.  
energy paths o f  the v i b r a t i o n  and noise and prevent them from e f f i c i e n t l y  
passing the  energy t o  the  cabin I n t e r i o r .  New approaches t o  i s o l a t i o n  can 
r e s u l t  f rom s t r u c t u r a l  m o d i f i c a t i o n  w i t h  specia l  a t t e n t i o n  t o  the  acous t ic /  
dynamic coupl ing.  V ib ra t i on  absorbers should a l so  be i nves t i ga ted .  These 
could be a c t i v e  o r  passive and placed anywhere i n  the  energy path. Reduction 
o f  t he  noise by reducing the  v i b r a t i o n  a t  the gear mesh i s  a t t r a c t i v e  because 
i t  could have bene f i t s  o f  increased l i f e  and r e l i a b i l i t y  as w e l l .  The gear 
mesh dynamics could be improved w i t h  new t o o t h  f o r m s  f o r  low noise.  Increased 
damping mechanisms w i t h i n  the  gearbox could absorb the  energy being t ransmi t ted  
t o  the  cabin.  An improvement o f  the o v e r a l l  t ransmiss ion system dynamics could 
be achieved w i t h  new design techniques f o r  housings, bear ings, gears, and 
sha f t s  based on dynamic and v i b r a t i o n a l  c r i t e r i o n .  Advanced bear ing mounts, 
and damper pads could r e s u l t  i n  l o w e r  dynamic loads. 

The i s o l a t i o n  approach can be used t o  manage the  

The r o l e  o f  NASA Lewis and Langley Research Centers w i l l  be t o  coopera- 
t i v e l y  research the cabin no ise  problem, t o  concentrate i n  the  t r a d i t i o n a l  
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areas o f  t h e i r  respect ive exper t i se ,  and t o  p rov ide  the  enabl ing technology t o  
t he  i ndus t r y  f o r  use i n  e f f e c t i v e l y  reducing cabin n o i s e . ( f l g .  14).  
w i l l  concentrate i n  areas such as cabin no ise  cha rac te r i za t i on ,  s t r u c t u r a l  
m o d i f i c a t i o n  and advanced treatments.  NASA Lewis w i l l  i n v e s t i g a t e  ways o f  
q u i e t i n g  the  gearbox. 
loads w i t h  new too th  f o r m s  and t o o t h  p r o f i l e  mod i f i ca t i on .  
detuning, and system op t im iza t i on  w i l l  be Inves t iga ted .  

Langley 

The gear mesh w i l l  be s tud ied  f o r  ways t o  reduce dynamic 
Damping technlques, 

CONCLUDING REMARKS 

This paper has descr ibed work conducted by NASA Lewis I n  measuring cabin 
i n t e r i o r  no ise  and i n  r e l a t i n g  the  noise spectrum t o  the  gear v i b r a t i o n  f o r  the  
Army's OH-58 he l i cop te r .  
f rom f l i g h t  t es ts  and f r o m  ground-based t e s t s  i n  a t ransmiss ion t e s t  stand. 
Our cu r ren t  understanding o f  the  nature and causes o f  gear and t ransmiss ion 
no ise  was discussed. This paper summarized NASA/Army sponsored research t h a t  
app l ies  t o  t ransmission no ise  reduct ion.  The con t lnu lng  research'program was 
a l s o  reviewed. The f o l l o w i n g  remarks summarize the  impor tant  conclusions. 

Noise and v l b r a t i o n  data were c o l l e c t e d  and analyzed 

I .  During the l a s t  20 y r  h e l i c o p t e r  cabin no ise  due t o  the  gear t r a i n  has 
cont inued t o  increase w i t h  the  power-to-weight r a t i o  o f  the  t ransmissions. 
This  has requi red t h a t  a d d i t i o n a l  sound treatment m a t e r i a l  be added, causing a 
weight pena l ty  t o  the t o t a l  h e l i c o p t e r  system. 

2. A l a r g e  p o r t i o n  o f  the  cabin no ise  i s  contained I n  d i s c r e t e  f requencies 
associated w i t h  gear mesh behavior.  I t  i s  be l ieved t h a t  s i g n i f i c a n t  reduct ions 
o f  no ise can be achleved i f  gear v i b r a t i o n s  w i t h i n  the  t ransmiss ion a re  
reduced. The s ing le  l a r g e s t  c o n t r l b u t o r  t o  the  t ransmiss lon v i b r a t i o n  i s  the  
s p i r a l  bevel gear mesh and the  p lanetary  gear t r a i n  i s  a major source o f  cab in  
noise.  The authors be l i eve  t h a t  the  k inemat ica l  e r r o r s  o f  t he  gear mesh have 
a s t rong in f luence on the  noise.  

3 .  Several a n a l y t i c a l  design t o o l s  have been developed t h a t  w i l l  be use fu l  
i n  reducing gear no ise e x c i t a t i o n ,  v iz . ,  minimum e x c i t a t i o n  gear p r o f i l e  des ign 
techniques and dynamic load ana lys is  computer codes. A l s o ,  the r o b o t i c  
acoust ic  i n t e n s i t y  system (RAIMS) f o r  measuring no ise  i n  a no isy  t e s t  c e l l  
environment w i l l  be a va luable t o o l  f o r  measuring and comparing the  r e l a t i v e  
no is iness o f  advanced components and t ransmiss ion systems compared t o  base l ine  
technology l eve l s .  These t o o l s  need t o  be e x p l o i t e d  and f u r t h e r  developed t o  
improve t h e i r  usefulness i n  s p e c l f i c  app l i ca t i ons .  

4. NASA Lewis and Langley Research Centers w i t h  the  cooperat ion o f  the  
co l loca ted  Army Research Centers a re  cont inu ing  t o  per form focussed 
f o r  reducing the  cabin no ise  o f  f u t u r e  he l i cop te rs .  Th is  w i l l  be accomplished 
by developing the enabl ing technology f o r  reduced gear noise,  reduced no ise  
propagat ion t o  the cab in  and advanced acous t i ca l  t reatments o f  the  cab in  
l n t e r i  ors  . 

research 
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EXCESSIVE INTERNAL NOISE LEVELS 
IN CURRENT HELICOPTERS 

DISCOMFORT, ANNOYANCE, AND FATIGUE OF 
CREW AND PASSENGERS 

VOICE COMMUNICATIONS ARE DISRUPTED 

*CREW PERFORMANCE IS DEGRADED 

*PERMANENT HEARING LOSS 
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*TRANSMISSION IS THE MAJOR 
SOURCE OF INTERNAL NOISE 
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*TRANSMISSION NOISE INCREASES 
WITH LARGER HELICOPTERS 

TRANSMISSION NOISE INCREASES WITH 
NEWER, LIGHT WEIGHT TRANSMISSIONS 

FIGURE 1. - THE HISTORIC TREND FOR THE PAST 20 YR WAS HIGHER POWER, GREATER POWER-TO- 
WEIGHT RATIO AND INCREASING TRANSMISSION NOISE. 
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FIGURE 2. - THE NOISE FROM THE TRANSMISSION TRAVELS V I A  STRUCTURAL-BORNE AND DIRECT AIR- 
BORNE PATHS TO THE CABIN WALLS AND IS RADIATED TO THE CABIN INTERIOR. 



FIGURE 3. - THE OH 58 IS THE ARMY'S LIGHT OBSERVATION HELICOPTER. THE C I V I L  VERSION 
(SHOWN) I S  THE MODEL 206. 
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FIGURE 4 .  - OH 58 HELICOPTER TRANSPIISSION. 
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FIGURE 5 .  - THE NASA LEWIS 500 hp HELICOPTER TRANSMISSION TEST STAND. 
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(B) DECIBEL SCALE FOR VIBRATION AMPLITUDE. 

FIGURE 6. - VIBRATION SPECTRUM OF AMPLITUDE VERSUS FREQUENCY AS MEASURED I N  NASA TEST 
STAND. ACCELERWTER MOUNTED ON CASE NEAR RING GEAR. NOTE THAT VIBRATION 
ENERGY IS CONCENTRATED AT THE GEAR MSHING FREQUENCIES AND THEIR HIGHER 
HARMONICS. 
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(B) MICROPHONE PLACED I N  THE AFT CABIN. 

FIGURE 8. - NOISE SPECTRUM OF SOUND PRESSURE LEVEL VERSUS 
FREQUENCY MEASURED DURING FLIGHT. PEAKS I N  THE SPECTRUM 
HAVE BEEN IDENTIFIED AS TRANSNISSION ORIGINATED. THE 
HIGHER FREQUENCIES ARE ATTENUATED. 
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FIGURE 9. - TYPICAL TRANSMISSION ERRORS AS A FUNCTION OF GEAR ROTATIONAL ANGLE. 
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FIGURE 10. - CROSS SECTION OF SPUR GEAR TEETH I N  MESH. 
THE KINEMATIC ERRORS ARE ZERO I F  THE NORMAL TO THE 
TEETH AT THE CONTACT POINT PASSES THROUGH THE PITCH 
POINT AS THE GEARS ROTATE. 



DRIVING GEAR 

FIGURE 11. - BEVEL GEARS ARE REPRESENTED BY THEIR PITCH 
CONES I N  ROLLING CONTACT. THE PITCH LINE I S  THE 
CORRESPONDENT TO PITCH POINT FOR SPUR GEARS. 
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FIGURE 12. - SCHEMATIC OF RAIMS (ROBOTIC ACOUSTIC INTENSITY MEASUREMENT SYSTEM). 
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FIGURE 13. - NOISE REDUCTION CAN BE ACHIEVED BY USING ACOUSTIC 
TREATRNTS. ISOLATION TECHNIQUES, AND REDUCING THE SOURCE. 
LEWIS WILL CONCENTRATE ON REDUCING THE SOURCE. 
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FIGURE 14. - THE ROLE OF LEWIS AND LANGLEY IS TO FOCUS ON THE AREAS OF THEIR EXPERTISE 
AND COOPERATIVELY PROVIDE ADVANCED TECHNOLOGY TO THE INDUSTRY FOR USE I N  EFFECTIVELY 
REDUCING CABIN NOISE. 


